To investigate the pre-clinical relevancy of a machinable composite, its physical properties were evaluated and compared with a machinable ceramic and two indirect composites.
INTRODUCTION
Recently, demand for esthetic dental restorations has been on the riser1-6). Metal-ceramic crowns have been widely accepted clinically because of their natural appearance and proven strength rendered by the metal structure.
However, the lack of translucency and gingival pigmentation caused by metal7'8 have prompted the use of other types of restoration, in particular metal-free restorations.
Metal-free restorations have led to the attainment of natural-looking constructions -characterized by translucency9) , high color stability and wear resistance10-12) for both anterior and posterior areas. Indirect, highly-filled composites are gaining attention in recent years as occlusal reconstructive materials.
Indirect composite restoratives have improved wear resistance13 '14) and color stability15) due to a higher filler content, and seem successful in occlusal reconstructions.
The mechanical shortcomings of these esthetic materials include their sensitivity to tensile and flexural forces.
Fractures start from a single location, such as a flaw or micropore inadvertently caused during laboratory work. Dental CAD/CAM systems that fabricate the coping or crown from industrially manufactured blocks is thought to be a solution in avoiding such flawed products.
In recent years, various CAD/CAM systems have been developed and are now clinically available1-3,16'17> Most of these systems are equipped with ceramic blocks, but Dental CAD/CAM GN-I (GC Corp., Tokyo, Japan) is a rare Specimens preparation GN-I composite (CO; A3, GC Corp., Tokyo, Japan) and ceramic (CE; A3, GC Corp., Tokyo, Japan) were supplied as blocks and shaped for each test. Two indirect composites were chosen for this study: Estenia (ET; dentin A3, Kuraray Medical Inc., Tokyo, Japan) , which had the highest filler content according to manufacturer's information, and Artglass (AG; dentin A3, Heraeus/Kulzer GmbH, Wehrheim, Germany) , which had relatively the same amount of filler as CO. The materials tested and their abbreviations are listed in Table 1 . Detailed information of the components was obtained from the manufacturers.
ET and AG were formed using acrylic resin molds and light-polymerized in both upward and downward directions with Dentacolor XS (Heraeus/ Kulzer GmbH, Wehrheim, Germany) and Unixs (Heraeus/Kulzer GmbH, Wehrheim, Germany) light cure units, respectively.
The illumination time on each side was 180 seconds.
All specimens were ground with up to 800-grit silicon-carbide paper in Table 1 Materials used order to avoid or remove cracks at their edges. All specimens were conditioned in air at room temperature for 24 hours after they were prepared.
Compressive strength and diametral tensile strength Seven specimens with 3.0 mm diameter and 6.0 mm length were used in the compressive strength test . Seven other specimens with 6.0 mm diameter and 3.0 mm length were used in the diametral tensile strength test.
Both compressive and diametral tensile strengths were evaluated by a Universal Testing Machine (DCS-500, Shimadzu Corp., Kyoto, Japan) . Compressive and tensile loading were carried out at a cross-head speed of 1.0 mm/min. Compressive strength was calculated from the equation CS = P/ n r2, where P is the load at fracture and r the radius of the sample cylinder.
Diametral tensile strength was determined from the relationship DTS=2P/ 7n dt, where d and t are the diameter and thickness of the cylinder, respectively.
Flexural strength and elastic modulus Flexural strength was determined according to ISO Specification 1047718). Seven specimens (2 X 2 X 25 mm) were made out of each material.
Flexural strength testing was performed in a three-point bending mode with a span length of 20 mm and the loading point was set at the center of span length by means of a Universal Testing Machine (Instron Model 6655s , Instron Corp., Canton, MA, USA) at a cross-head speed of 1.0 mm/min.
The elastic modulus was automatically calculated.
Fracture load ET and AG were light-polymerized layer by layer using acrylic resin molds and formed into block specimens with the same dimensions as CO and CE blocks.
Crown-shaped specimens were fabricated against two types of stainless steel master die ( Fig .  1) , i.e., two types of crown with different wall thickness values were prepared by Dental CAD/CAM GN-I. Cement space was set at a thickness of 30.0 um during the CAD process. Seven specimens were made for each master die for every material.
All crowns were luted with zinc phosphate cement on their respective stainless steel dies. During the luting procedure, finger pressure19-21) was applied in order to maintain the position of the crowns.
To obtain an infinitesimal distortion and/or crack of the crowns, two strain gauges (KFG-02-120-C1-11L1M2R, Kyowa Electronic Instruments Co. Ltd., Tokyo, Japan) were attached on the marginal region of the crowns using a bonding agent (Dental Cyanon, Koatsu Gas Kogyo Co. Ltd., Osaka, Japan) . They were placed opposite and perpendicular to each other. Surface strain and applied loading were measured using a strainmeasuring device (MP100, Biopac Systems Inc., Santa Barbara, CA, USA) . All digital data were recorded at a rate of 50 times per second.
Compression ramp loads (Universal Testing Machine, Controller 4826, Shimadzu Corp., Kyoto, Japan, 10 N/sec) were applied to the occlusal surface with a steel hemisphere of 12.7 mm diameter.
The configuration of the crowns under the hemisphere and the attachment points of the strain gauges are shown in Fig. 2 . Loading was stopped when either a crack or a marked failure occurred, or when the load reached 1000 N.
Statistical analysis All data were compared by analysis of variance (ANOVA) with post-hoc Fisher's PLSD test to identify significant differences (p< 0.05) between the four materials tested. Table 2 shows the values and significant differences of compressive strength, diametral tensile strength, flexural strength, and elastic modulus of the four materials tested. AG displayed significantly lower values than the other three materials in all tests. Differences in flexural strength between the other three materials
RESULTS
were not statistically significant. The highest compressive strength value was achieved by ET, followed by CO, CE, and AG. The elastic moduli of ET and CE were more than double those of AG and CO. The difference was not statistically significant between AG and CO, but it was significant between ET and CO. The highest diametral tensile strength value was achieved by CO, followed by ET, CE, and AG. The difference between ET and CE was not statistically significant. Table 3 shows the values and significant differences of fracture load of the crown-shaped specimens for all four tested materials.
Neither the CE crowns with 1.5 mm wall thickness nor the ET crowns with either thickness broke down before the load reached 1000 N. This indicated that the fracture load of ET crowns was significantly greater than that of the other specimens.
The thicker wall specimen always showed higher fracture load than the thinner one for the same material.
At the same thickness, the highest fracture load value was obtained from ET, followed by CE, CO, and AG.
There were substantial differences between the fracture pattern in CO and AG crowns and that in CE and ET crowns.
Most CO and AG crowns showed just crack formations without any tipping, while CE and ET crowns showed high tipping frequency.
The fracture patterns of all specimens are listed in Table 4 . 
DISCUSSION
Despite proven strength, durability, and improved esthetics, ceramometal restorations have not consistently enabled the most esthetic, lifelike reproduction of natural dentition.
To comply to the demand for such reproduction, various metal-free, ceramic restorative systems have been developed and clinically applied17,22) However, the fracture problem of many ceramic materials has prevented their use in the high stress-bearing, posterior region23) . In addition, ceramic materials might cause antagonistic enamel wear in the oral environment10,11) Recently, machinable composite for dental CAD/CAM system was developed and has attracted attention as a material suitable for esthetic posterior restorations3) . To define this material clinically, it is imperative to clarify its physical properties.
The fracture load of a crown-shaped specimen is influenced by several factors: compressive strength, diametral tensile strength, flexural strength, and elastic modulus.
As such, these physical properties were examined prior to the fracture test. The compressive strength and flexural strength of AG and ET were reported previously24-29) . Compressive strength of AG ranged from 220.0 MPa24) to 320.0 MPa25), while that of ET ranged from 362. When compared with the present data, a similar trend was observed. Differences could be due to various factors, such as specimen size, selected material type (enamel or dentin) , heat polymerization and immersion in water.
In the current study, it was reasonably accepted that AGwhich showed the lowest value in compressive strength, diametral tensile strength, and flexural strengthalso demonstrated the significantly weakest fracture load among all the specimens tested.
Concerning the physical properties of composite materials, their character depends on matrix resin monomer, particle size, silanization, filler volume30-37) , and polymerization rate38) . While most of the details are yet to be published, an important distinguishing factor must be noted in the current study.
AG was polymerized by a laboratory light cure unit, while CO was polymerized under a wellcontrolled condition of heat and high pressure.
According to manufacturer's information, the GN-I block supposedly exhibited a higher homogeneity since it was fabricated from an industrially manufactured block. It could therefore be supposed that in the present study, CO exhibited limited flaws and/or micropores as well as a higher polymerization rate. These properties hence contributed to the higher fracture load of CO, compared to AG.
CO scored the highest diametral tensile strength and flexural strength.
In addition, CO showed relatively high compressive strength similar to CE. However, the fracture load of CO was significantly lower than that of CE and ET. This could be explained by the higher elastic modulus of CE and ET than that of CO. Finite elemental analysis studies of all-ceramic restorations reported that the stiffness of the material played a significant role in bearing the load of the restoration39) . Although ET was a composite material, the extremely high ceramic-type filler content (92 wt %) contributed to its stiffness and ceramic-like properties.
As a result, the fracture load of CE and ET revealed higher values than the other two materials.
However, it is generally accepted that ceramic material is brittle, and the ductility of ET material was reported to be low40,41) Hojjatie et a1.42) investigated the stress distribution of loaded metal-free restorations and concluded that 
